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(54) Expandable medical device for delivery of beneficial agent 



(57) The invention provides an expandable medical 
device (100), comprising: a plurality of elongated struts 
(1 8) forming a substantially cylindrical device (1 2) which 
is expandable from a cylinder having a first diameter to 
a cylinder having a second diameter; hinges (20) formed 



at said elongated struts (18) to substantially prevent de- 
formation of said elongated struts (18) during expansion 
of said cylindrical device (12), and links (22) arranged 
between said elongated struts (18); wherein a series of 
openings (24, 26) are formed in said struts (18) and/or 
said links (22). 
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Description 

BACKGROUND OF THE INVENTION 

Field of the Invention 5 

[00D1] The present invention relates to tissue-sup- 
porting medical devices, and more particularly to ex- 
pandable, non-removable devices that are implanted 
within a bodily lumen oFa living animal or human to sup- 
port the organ and maintain patency, and that can de- 
liver a beneficial agent to the intervention site. 

Summary of the Related Art 

[0002] In the past, permanent or biodegradable devic- 
es have been developed for implantation within a body 
passageway to maintain patency of the passageway. 
These devices are typically Introduced percutaneously, 
and transported transluminal ly until positioned at a de- 
sired location. These devices Bre then expanded either 
mechanically, such as by the expansion of a mandrel or 
balloon positioned Inside the device, or expand them- 
selves by releasing stored energy upon actuation within 
the body. Once expanded within the lumen, these de- 
vices, called stents, become encapsulated within the 
body tissue and remain a permanent implant 
[0003] Known stent designs Include monofilament 
wire coil stents (U.S. Pat; No. 4,969,458); welded metal 
cages (U.S. Pat. Nos. 4,733,665 and 4,776,337); and, 
most prominently, thin-walled metal cylinders with axial 
slots formed around the circumference (U.S. Pat. Nos. 
4,733,665, 4,730,762, and 4,776,337). Known con- 
struction materials for use In stents include polymers, 
organic fabrics and biocompatible metals, such as, 
stainless steel, gold, silver, tantalum, titanium, and 
shape memory alloys such as Nitlnol. 
[0004] U.S. Pat Nos. 4,733,665, 4,739,762, and 
4,776,337 disclose expandable and deformable Interlu- 
minal vascular grafts In the form of thin-walled tubular 
members with axial slots allowing the members to be 
expanded radially outwardly Into contact with a body 
passageway. After Insertion, the tubular members are 
mechanically expanded beyond their elastic limit and 
thus permanently fixed within the body. The force re- 
quired to expand these tubular stents is proportional to 
the thickness of the wall material in a radial direction. To 
keep expansion forces within acceptable levels for use 
within the body (e.g., 5-10 Btm), these designs must 
use very thln-walled materials (e.g., stainless steel tub- 
ing with 0.0025 inch thick walls). However, materials this 
thin are not visible on conventional fluoroscopic and x- 
ray equipment and It is therefore difficult to place the 
stents accurately or to find and retrieve stents that sub- 
sequently become dislodged and lost in the circulatory 
system. 

[0005] Further, many of these thin-walled tubular 
stent designs employ networks of long, slender struts 



whose width in a circumferential direction is two or more 
times greater than their thickness in a radial direction. 
When expanded, these struts are frequently unstable, 
that is, they display. a tendency to buckle, with individual 
struts twisting out of plane. Excessive protrusion of 
these twisted struts into the bloodstream has been ob- 
served to increase turbulence, and thus encourage 
thrombosis. Additional procedures have often been re- 
quired to attempt to correct this problem of buckled 
struts. For example, after initial stent implantation is de- 
termined to have caused buckling of struts, a second, 
high-pressure balloon (e.g. , 1 2 to 1 8 atm) would be used 
to attempt to drive the twisted struts further into the lu- 
men wall. These secondary procedures can be danger- 
ous to the patient due to the risk of collateral damage to 
the lumen wall. 

[0006] Many of the known stents display a large elas- 
tic recovery, known In the field as "recoil," after expan- 
sion inside a lumen. Large recoil necessitates over-ex- 
pansion of the stent during implantation to achieve the 
desired final diameter. Over-expansion is potentially de- 
structive to the lumen tissue. Known stents of the type 
described above experience recoil of up to about 6 to 
12% from maximum expansion. 
[0007] Large recoil also makes it very difficult to se- 
curely crimp most known stents onto delivery catheter 
balloons. As a result, slippage of stents on balloons dur- 
ing interlumenal transportation, final positioning, and Im- 
plantation has been an ongoing problem. Many ancillary 
stent securing devices and techniques havB been ad- 
vanced to attempt to compensate for this basic design 
problem. Some of the stent securing devices include 
collars and sleeves used to secure the stent onto the 
balloon. 

[0008] Another problem with known stent designs is 
non-uniformity in the geometry of the expanded stenL 
Non-uniform expansion can lead to non-uniform cover- 
age of the lumen wall creating gaps in coverage and in- 
adequate lumen support. Further, over expansion In 
some regions or cells of the stent can lead to excessive 
material strain and even failure of stent features. This 
problem is potentially worse In tow expansion force 
stents having smaller feature widths and thicknesses in 
which manufacturing variations become proportionately 
more significant, in addition, a typical delivery catheter 
for use in expanding a stent includes a balloon folded 
into a compact shape for catheter insertion. The balloon 
is expanded by fluid pressure to unfold the balloon and 
deploy the stent. This process of unfolding the balloon 
causes uneven stresses to be applied to the stent during 
expansion of the balloon due to the folds causing the 
problem non-uniform stent expansion. 
[0009] U.S. Pat. No. 5,545,210 discloses a thin- 
walled tubular stent geometrically similar to those dis- 
cussed above, but constructed of a nickel-titanium 
shape memory alloy ("Nltinor). This design permits the 
use of cylinders with thicker walls by making use of the 
lower yield stress and lower elastic modulus of marten- 
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sitic phase Nitinol alloys. The expansion force required 
to expand a Nitinol stent Is less than that of comparable 
thickness stainless steel stents of a conventional de- 
sign. However, the "recoil" problem after expansion is 
significantly greater with Nitinol than with other materi- 5 
als. For example, recoil of a typical design Nitinol stent 
is about 9%. Nitinol is also more expensive, and more 
difficult la fabricate and machine than other stent mate- 
rials, such as stainless steel. 

[001 0] All of the above stents share a critical design w 
property: In each design, the features that undergo per- 
manent deformation during stent expansion are pris- 
matic, i.e., the cross sections of these features remain 
constant or change very gradually along their entire ac- 
tive length. To a first approximation, such features de- is 
form under transverse stress as simple beams with fixed 
or guided ends: essentially, the features act as a leaf 
springs. These leaf spring like structures are ideally suit- 
ed to providing large amounts of elastic deformation be- 
fore permanent deformation commences. This is exact- 20 
ly the opposite of Ideal stent behavior. Further, the force 
required to deflect prismatic stent struts in the circum- 
ferential direction during stent expansion is proportional 
to the square of the width of the strut in the circumfer- 
ential direction. Expansion forces thus Increase rapidly £5 
with strut width in the above stent designs. Typical ex- 
pansion pressures required to expand known stents are 
between about 5 and 1 0 atmospheres. These forces can 
cause substantial damage to tissue if misapplied. 
[0011] in addition to the above-mentioned risks to a 30 
patient, restenosis Is a major complication which can 
arise following the implantation of stents, using stent de- 
vices such as those described above, and other vascu- 
lar interventions such as angioplasty. Simply defined, 
restenosis Is a wound healing process that reduces the 35 
vessel lumen diameter by scar tissue formation and 
which may ultimately result In reocclusion of the lumen. 
Despite the introduction of improved surgical tech- 
niques, devices and pharmaceutical agents, the overall 
restenosis rate is still reported in the range of 25% to 40 
50% within six to twelve months after an angioplasty 
procedure. To correct this problem, additional revascu- 
larization procedures are frequently required, thereby 
increasing trauma and risk tD the patient 
[0012] Several techniques under development to ad- 45 
dress the problem of restenosis are irradiation of the in- 
Jury site and the use of stents to deliver a variety of ben- 
eficial or pharmaceutical agents to the traumatized ves- 
sel lumen. In the latter case, a stent Is frequently sur- 
face-coated with a beneficial agent (often a drug-lm- 50 
pregnaled polymer) and implanted at the angioplasty 
site. Alternatively, an external drug-impregnated poly- 
mer sheath is mounted over the stent and co-deployed 
In the vessel. In either case, it has proven difficult to de- 
liver a sufficient amount of beneficial agent to the trauma 55 
site so as to satisfactorily prevent the growth of scar tis- 
sue and thereby reduce the likelihood of restenosis. 
Even with relatively thick coatings of the beneficial agent 



or sheaths of increased thickness surrounding the 
stents, restenosis has been found to occur. Further- 
more, increasing the effeclive stent thickness (e.g., by 
providing Increased coatings of the beneficial agent) Is 
undesirable for a number of reasons, including in- 
creased trauma to Ihe vessel lumen during implantation 
and reduced flow cross-section of the lumen after im- 
plantation. Moreover, coating thickness Is one of several 
factors that affect the release kinetics of the beneficial 
agent, and limitations on thickness thereby limit the 
range of release rates, durations, and the like that can 
be achieved. 

SUMMARY OF THE INVENTION 

[0013] In view of the drawbacks of the prior art, it 
would be advantageous to provide a stent capable of 
delivering a relatively large volume of a beneficial agent 
to a traumatized site in a vessel lumen without Increas- 
ing the effective wall thickness of the stent, and without 
adversely impacting the mechanical expansion proper- 
ties Df the stent 

[0014] It would further be advantageous to have such 
a stent, which also significantly Increases the available 
depth of the beneficial agent reservoir. 
[0015] It would be further advantageous to be able to 
expand such a stent with an expansion force at a low 
level independent of choice of stent materials, material 
thickness, or strut dimensions. 
[0016] It would further be advantageous to.have such 
a tissue-supporting device that permits a choice of ma- 
terial thickness that could be viewed easily on conven- 
tional fluoroscopic equipment for any material. 
[0017] It would also be advantageous to have such a 
tissue-supporting device that Is Inherently stable during 
expansion, thus eliminating buckJing and twisting of 
structural features during stent deployment 
[0018] In addition, it would be advantageous to have 
such a tissue-supporting device with minimal elastic re- 
covery, or "recoir of the device after expansion. 
[0019] It would be advantageous to have such a tis- 
sue supporting device that can be securely crimped to 
the delivery catheter without requiring special tools, 
techniques, or ancillary clamping features. 
[0020] In accordance with one aspect of the Invention, 
an expandable medical device includes a cylindrical 
tube, and a network of elongated struts formed In the 
cylindrical tube, wherein each of the elongated struts are 
axlally displaced from adjacent struts. A plurality of duc- 
tile hinges are formed between the elongated struts. The 
ductile hinges allow the cylindrical tube to be expanded 
or compressed from a first diameter to a second diam- 
eter by deformation of the ductile hinges. Further, at 
least one of the elongated struts includes at least one 
opening for loading of a beneficial agent therein. The at 
least one opening may include a plurality of openings 
that extend through a thickness of the at least one slrut, 
so as to thereby define a through-opening, or 
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the openings may have a deplh less than a thickness of 
the at least one strut, so as to thereby define a recess. 
A beneficial agent is loaded within the at least one open- 
ing, wherein the beneficial agent includes antiprolifera- 
tives, antithromblns, large molecules, microspheres, bi- 
odegradable agents, or celts. The at least one opening 
of the at least one strut forms a protected receptor for 
loading the beneficial agent therein. 
[0021] in accordance with a further aspect of the 
present invention, an expandable medical device in- 
cludes a plurality of elongated struts, the plurality of 
elongated struts joined together to form a substantially 
cylindrical device which is expandable from a cylinder 
having a first diameter to a cylinder having a second di- 
ameter, and the plurality of struts each having a strut 
width in a circumferential direction. At least one of the 
plurality of struts Includes at least one recess extending 
at least partially through a thickness of the strut. The at 
least one recess may extend entirely through the thick- 
ness of the strut so as to define a through-opening and 
the at least one recess may be generally rectangular or 
polygonal 

BRIEF DESCRTPTION OF THE DRAWINGS 

[0022] The Invention will now be described in greater 
detail with reference to the preferred embodiments Illus- 
trated In the accompanying drawings, In which like ele- 
ments bear like reference numerals, and wherein: 

FIG. 1 is a perspective view of a tissue-supporting 
device in accordance with a first preferred embod- 
iment of the present invention; 
FIG. 2 Is an enlarged side view of a portion thereof; 
FIG. 3 is an enlarged side view of a tissue-support- 
ing device In accordance with a further preferred 
embodiment of the present Invention; 
FIG. 4 Is an enlarged side view of a portion of the 
stent shown in the device of FIG. 3; 
FIG. 5 is an enlarged cross section of an opening 
thereof; 

FIG. 6 is an enlarged cross section of an opening 
thereof illustrating beneficial agent loaded into the 
opening; 

FIG. 7 Is an enlarged cross section of an opening 
thereof illustrating a beneficial agent loaded into the 
opening and a thin coating of a beneficial agent; 
FIG. 6 is an enlarged cross section of an opening 
thereof illustrating a beneficial agent loaded Into the 
opening and thin coatings of different beneficial 
agents on different surfaces of the device; 
FIG. 9 is an enlarged side view of a portion of a stent 
In accordance with yet another preferred embodi- 
ment of the present invention; 
FIGS. 10a - 10c are perspective, side, and cross- 
sectional views of Bn Idealized ductile hinge for pur- 
poses of analysis, and FIG. 10d is a stress/strain 
curve for the Idealized ductile hinge; 



FIGS. 11 is a perspective view of a simple beam for 
purposes of calculation; 

FIG. 12 is a moment verses curvature graph for a 
rectangular beam; and 
s FIG. 13 is an enlarged side view of a bent ductile 
hinge. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

10 

[0023] Referring to FIGS. 1 and 2, a tissue supporting 
device In accordance with a preferred embodiment of 
the present invention Is shown generally by reference 
numeral 10. The tissue supporting device 10 includes a 

15 plurality of cylindrical tubes 12 connecled by S-shaped 
bridging elements 14. The bridging elements 14 allow 
the tissue supporting device to bend axiaily when pass- 
ing through the tortuous path of the vasculature to the 
deployment site and allow the device to bend when nec- 

20 essary to match the curvature of a lumen to be support- 
ed. The S-shaped bridging elements 14 provide im- 
proved axial flexibility over prior art devices due to the 
thickness of the elements In the radial direction which 
allows the width of the elements to be relatively small 

25 without sacrificing radial strength. For example, the 
width of the bridging elements 14 may be about 0.0015 
- 0.0018 inches (0.03B1 - 0.0457 mm). Each of the cy- 
lindrical tubes 12 has a plurality of axial slots 16 extend- 
ing from an end surface of the cylindrical tube toward 

30 an opposite end surface. 

[0024] Formed between the slots 16 Is a network of 
axial struts 1 B and links 22. The cross section (and rec- 
tangular moment of Inertia) of each of the struts 18 Is 
preferably not constant along the length of the strut 

35 Rather, the strut cross section changes abruptly at both 
ends of each strut 18 adjoining the links 22. The pre- 
ferred struts 18 are thus not prismatic. Each individual 
strut 18 Is preferably linked to the rest of the structure 
through a pair of reduced sections 20, one at each end, 

to which act as stress/strain concentration features. The 
reduced sections 20 of the struts function as hinges In 
the cylindrical structure. Since the slress/slrain concen- 
tration features are designed to operate Into the plastic 
deformation range of generally ductile materials, they 

45 are referred to as ductile hinges 20. Such features are 
also commonly referred to as "Notch Hinges" or "Notch 
Springs 1 * In ultra-precision mechanism design, where 
they are used exclusively in the elastic range. 
[0025] With reference to the drawings and the dlscus- 

50 sion, the width of any feature Is defined as its dimension 
in the circumferential direction of the cylinder. The length 
of any feature Is defined as its dimension In the axial 
direction of the cylinder. The thickness of any feature Is 
defined as the wall thickness of the cylinder. 

55 [0026] Ductile hinges 20 are preferably asymmetric 
ductile hinges that produce different strain versus de- 
flection-angle functions in expansion and compression. 
Each of the ductile hinges 20 is formed between a are 
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surface 28 and a concave notch surface 29. The ductile 
hinge 20 according to a preferred embodiment essen- 
tially takes the form of a smail, prismatic curved beam 
having a substantially constant cross section. However, 
a thickness of the curved ductile hinge 20 may vary 
somewhat as long as the ductile hinge width remains 
constant along a portion of the hinge length. The width 
of the curved beam is measure along the radius of cur- 
vature of the beam. This small curved beam is oriented 
such that the smaller concave notch surface 29 Is placed 
in tension in the device crimping direction, while the larg- 
er arc surface 28 of the ductile hinges Is placed In ten- 
sion in the device expansion direction. Again, there is 
no local minimum width of the ductile hinge 20 along the 
(curved) ductile hinge axis, and no concentration of ma- 
terial strain. During device expansion tensile strain will 
be distributed along the arc surface 28 of the hinge 20 
and maximum expansion will be limited by the angle of 
the walls of the concave notch 29 which provide a geo- 
metric deflection limiting feature. The notches 29 each 
have two opposed angled walls 30 which function as a 
stop to limit geometric deflection of the ductile hinge, 
and thus limit maximum device expansion. As the cylin- 
drical tubes 1 2 are expanded and bending occurs at the 
ductile hinges 20, the angled side walls 30 of the notch- 
es 29 move toward each other. Once the opposite side 
walls 30 of a notch come into contact with each other, 
they resist further expansion of the particular ductile 
hinge causing further expansion to occur at other sec- 
tions of the tlssuB supporting device. This geometric de- 
flection limiting feature is particularly useful where une- 
ven expansion Is caused by either variations in the tis- 
sue supporting device 10 due to manufacturing toler- 
ances or uneven balloon expansion. Maximum tensile 
strain can therefore be reliably limited by adjusting the 
Initial length of the arc shaped ductile hinge 20 over 
which the total elongation is distributed. 
[0027] The presence of the ductile hinges 20 allows 
all of the remaining features in the tissue supporting de- 
vice to be increased in width or the circumferentially ori- 
ented component of their respective rectangular mo- 
ments of Inertia - thus greatly increasing the strength 
and rigidity of these features. The net result is that elas- 
tic, and then plastic deformation commence and propa- 
gate in the ductile hinges 20 before other structural el- 
ements of the device undergo any significant elastic de- 
formation. The force required to expand the tissue sup- 
porting device 10 becomes a function of the geometry 
of the ductile hinges 20, rather than the device structure 
as a whole, and arbitrarily small expansion forces can 
be specified by changing hinge geometry for virtually 
ft any material wall thickness. In particular, wall thickness- 

es great enough to be visible on a fluoroscope can be 
chosen for any material of Interest. 
[0028] In order to get minimum recoil, the ductile hing- 
es 20 should be designed to operate well into the plastic 
range of the material, and relatively high local strain-cur- 
vatures are developed. When these conditions apply, 



elastic curvature Is a very small fraction of plastic or tola! 
curvature, and thus when expansion forces are relaxed, 
the percent change in hinge curvature is very small. 
When incorporated Into a strut network designed to lake 
5 maximum advantage of this effect, the elastic spring- 
back, or "recoil," of the overall stent structure is mini- 
mized. 

[0029] In the preferred embodiment of FIGS. 1 and 2, 
It is desirable to increase the width of the individual 

10 struts 1 8 between the ductile hinges 20 to the maximum 
width that is geometrically possible for a given diameter 
and a given number of struts arrayed around that diam- 
eter. The only geometric limitation on strut width Is the 
minimum practical width of the slots 16 which Is about 

15 0.002 inches (0.0508 mm) for laser machining. Lateral 
stiffness of the struts 18 increases as the cube of strut 
width, so that relatively small increases In strut width sig- 
nificantly increase strut stiffness. The net result of insert- 
ing ductile hinges 20 and increasing strut width is that 

20 the struts 18 no longer act as flexible leaf springs, but 
act as essentially rigid beams between the ductile hing- 
es. All radial expansion or compression of the cylindrical 
tissue supporting device 10 is accommodated by me- 
chanical strain in the hinge features 20, and yield In the 

25 hinge commences at very small overall radial expansion 
or compression. 

[0030] Yield In ductile hinges at very low gross radial 
deflections also provides the superior crimping proper- 
ties displayed by the ductile hinge-based designs. When 

30 a tissue supporting device Is crimped onto a folded cath- 
eter balloon, very little radial compression of the device 
Is possible since the initial fit between balloon and de- 
vice is already snug. Most stents simply rebound elas- 
tlcally after such compression, resulting in very low 

35 clamping forces and the attendant tendency for the stent 
to slip on the ball Don. Ductile hinges, however, sustain 
significant plastic deformation even at the low deflec- 
tions occurring during crimping onto the balloon, and 
therefore a device employing ductile hinges displays 

40 much higher clamping forces. The ductile hinge designs 
according to the present invention may be securely 
crimped onto a balloon of a delivery catheter by hand or 
by machine without the need for auxiliary retaining de- 
vices commonly used to hold known stents in place. 

« [0031] The ductile hinge 20 Illustrated in FIGS. 1 and 
2 Is exemplary of a preferred structure that will function 
as a stress/strain concentrator. Many other stress/strain 
concentrator configurations may also be used as the 
ductile hinges In the present invention, as shown and 

so described for example in U.S. Application Serial No. 
09/183,555, the entire contents of which Is hereby in- 
corporated by reference. The geometric details of the 
stress/strain concentration features or ductile hinges 20 
can be varied greatly to tailor the exact mechanical ex- 

55 panslon properties to those required in a specific appli- 
cation. The ductile hinges according to the present In- 
vention generally include an abrupt change in width of 
a strut that functions to concentrate stresses and strains 
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in the narrower section of the strut These ductile hinges 
also generally Include features to limit mechanical de- 
flection of attached struts and features to control mate- 
rial strain during large strut deflections. Although the 
ductile hinges have been illustrated in FIG. 2 as posi- 
tioned along the length of the struts 18 and the links 22, 
they may also be positioned at other locations in other 
designs without departing from the present invention. 
[0032] At intervals along the neutral axis of the struts 
1 8, at least one and more preferably a series of through- 
openings 24 are formed by laser drilling or any other 
means known to one skilled in the art Similarly, at least 
one and preferably a series of through-openings 26 are 
formed at selected locations in the links 22. Although 
the use of through-openings 24 and 26 in both the struts 
18 and links 22 Is preferred, ft should be clear to one 
skilled In the art that through-openings could be formed 
in only one of the struts Bnd links. In the illustrated em- 
bodiment, the through-openings 24, 26 are circular in 
nature and thereby form cylindrical holes extending 
through the width of the tissue supporting device 10. It 
should be apparent to one skilled in the art, however, 
that through-openings of any geometrical shape or con- 
figuration could of course be used without departing 
from the scope of the present invention. 
[0033] The behavior of the struts 1 B In bending is anal- 
ogous to the behavior of an I-beam or truss. The outer 
edge elements 32 of the struts 1 8 correspond to the l- 
beam flange and carry the tensile and compressive 
stresses, whereas the inner elements 34 of the struts 
1 8 correspond to the web of an I-beam which carries the 
shear and helps to prevent buckling and wrinkling of the 
faces. Since most of the bending load Is carried by the 
outer edge elements 32 of the struts 1 8, a concentration 
of as much material as possible away from the neutral 
axis results in the most efficient sections for resisting 
strut flexure. As a result, material can be judiciously re- 
moved along the axis of the strut so as to form through- 
openings 24, 26 without adversely impacting the 
strength and rigidity of the strut. Since the struts 1 8 and 
links 22 thus formed remain essentially rigid during stent 
expansion, the through-openings 24, 26 are also non- 
deforming. 

[0034] The through-openings 24, 26 in the struts 18 
promote the healing of the intervention site by promoting 
regrowth of the endothelial cells. By providing the 
through-openings 24 , 26 in the struts, 1 8, the cross sec- 
tion of the strut is effectively reduced without decreasing 
the strength and integrity of the strut, as described 
above. As a result, the overall distance across which en- 
dothelial cell regrowth must occur Is also reduced to ap- 
proximately 0.0025 - 0.0035 inches, which Is approxi- 
mately one-half of the thickness of a convention stent. 
It is further believed that during insertion of the expand- 
able medical device, cells from the endothelial layer may 
be scraped from the inner wall of the lumen by the 
through-openings 24, 26 and remain therein after im- 
plantation. The presence of such endothelial cells thus 



provide a basis for the healing of the lumen. 
[0035] The through-openings 24, 26 may also be 
loaded with an agent, most preferably a beneficial 
agent, for delivery to the lumen in which the tissue sup- 
5 port device 10 is deployed. 

[0036] The term "agent" as used herein is intended to 
have its broadest possible interpretation and Is used to 
Include any therapeutic agent or drug, as well bs any 
body analyte, such as glucose. The terms "drug" and 
"therapeutic agent" are used interchangeably to refer to 
any therapeutically active substance that Is delivered to 
a bodily lumen of a living being to produce a desired, 
usually beneficial, effect. The present invention Is par- 
ticularly well suited for the delivery of antiproliferatives 
(anti-restenosis agents) such as paclilaxil and rapamy- 
cln for example, and antithrombins such as heparin, for 
example. Additional uses, however, include therapeutic 
agents in bI I the mBjor therapeutic areas including, but 
not limited to: antMnfectives such as antibiotics and an- 
tiviral agents; analgesics; Including fentanyl, sufentanil, 
buprenorphlne and analgesic combinations; anesthet- 
ics; anorexics; antiarthritlcs; antiasthmatic agents such 
as terbutaline; anticonvulsants; antidepressants; antid- 
iabetic agents; antidlarrheais; antihistamines; anti-in- 
flammatory agents; antimigraine preparations; antimo- 
tfon sickness preparations such as scopolamine and on- 
dansetron; antinauseants; antineoplastics; antiparkin- 
sonism drugs; antipruritics; antipsychotics; antipyretics; 
antispasmodics, Including gastrointestinal and urinary; 
anticholinergics; sympathomimetrics; xanthine deriva- 
tives; cardiovascular preparations, including calcium 
channel blockers such as nifedipine; beta blockers; be- 
ta-agonists such as dobutamine and ritodrine; an- 
tiarrythmics; antihypertensives such as atenolol; ACE 
inhibitors such as ranitidine; diuretics; vasodilators, in- 
cluding general, coronary, peripheral, and cerebral; cen- 
tra! nervous system stimulants; cough and cold prepa- 
rations; decongestants; diagnostics; hormones such as 
parathyroid hormone; hypnotics; immunosuppressants; 
muscle relaxants; parasympatholytics; parasympatho- 
mimetrics; prostaglandins; proteins; peptides; psychos- 
timulants; sedatives; and tranquilizers. 
[0037] The embodiment of the invention shown in 
FIGS. 1 and 2 can be further refined by using Finite El- 
ement Analysis and other techniques to optimize the de- 
ployment of the beneficial agent within the through- 
openings of the struts and links. Basically, the shape and 
location of the through-openings 24, 26 can be modified 
to maximize the volume of the voids while preserving 
the relatively high strength and rigidity of the struts 18 
with respect to the ductile hinges 20. 
[0038] FIG. 3 illustrates a further preferred embodi- 
ment of the present invention, wherein like reference nu- 
merals have been used to indicate like components. The 
tissue supporting device 100 Includes a plurality of cy- 
lindrical tubes 12 connected by S-shBped bridging ele- 
ments 14. Each of the cylindrical tubes 1 2 has a plurality 
of axial slots 16 extending from an end surface of the 
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cylindrical tube toward an opposite end surface. Formed 
between the slots 16 is a network of axial struts 1B and 
links 22. Each individual strut 18 is linked to the rest of 
the structure through a pair of ductile hinges 20, one at 
each end, which act as stress/strain concentration fea- 
tures. Each of the ductile hinges 20 is formed between 
an arc surface 28 and a concave notch surface 29. The 
notches 29 each have two opposed angled walls 30 
which function as a stop to limit geometric deflection of 
the ductile hinge, and thus limit maximum device expan- 
sion. 

At intervals along the neutral axis of the struts 18, at 
least one and more preferably a series of through-open- 
ings 24* are formed by laser drilling or any other means 
known to one skilled in the art Similarly, at least one 
and preferably a series of through-openings 26 1 are 
formed at selected locations In the links 22. Although 
the use of through-openings 24' and 26' in both the struts 
18 and links 22 is preferred, it should be clear to one 
skilled in the art that through-openings could be formed 
in only one of the struts and links. In the illustrated em- 
bodiment, the through-openings 24' in the struts 18 are 
generally rectangular whereas the through-openings 
26' in the links 22 are polygonal. It should be apparent 
to one skilled in the art, however, that through-openings 
of any geometrical shape or configuration could of 
course be used, and that the shape of through-openings 
24, 24' may be the same or different from the shape of 
through-openings 26, 26\ without departing from the 
scope of the present invention. As described in detail 
above, the through-openings 24\ 26' may be loaded 
with an agent, most preferably a beneficial agent, for de- 
livery to the lumen in which the tissue support device 
100 is deployed. 

[0039] The relatively large, protected through-open- 
ings 24, 24\ 26, 26', as described above, make the ex- 
pandable medical device of the present Invention par- 
ticularly suitable for delivering agents having more eso- 
teric larger molecules or genetic or cellular agents, such 
as, for example, protein/enzymes, antibodies, anti- 
sense, ribozymes, gene/vector constructs, and cells (In- 
cluding but not limited to cultures of a patient's own en- 
dothelial cells). Many of these types of agents are bio- 
degradable or fragile, have a very short or no shelf life, 
must be prepared at the time of use, or cannot be pre- 
loaded Into delivery devices such as stents during the 
manufacture thereof for some other reason. The large 
through-openings In the expandable device of the 
present Invention form protected areas or receptors to 
facilitate the loading of such an agent at the lime of use, 
and to protect the agent from abrasion and extrusion 
during delivery and implantation. 
[0040] FIG. 4 shows an enlarged view of one of the 
struts 18 of device 100 disposed between a pair of duc- 
tile hinges 20. FIG. 5 illustrates a cross section of one 
of the openings 24' shown In FIG. 4. FIG. 6 illustrates 
the same cross section when a beneficial agent 36 has 
been loaded Into the through-openings 24* of the struts 



18. Optionally, after loading the through-openings 24* 
and/or the through-openings 26 r with a beneficial agent 
36, the entire exterior surface of the stent can be coated 
with a thin layer of a beneficial agent 38, which may be 

5 the same as or different from the beneficial agent 36, as 
schematically shown in FIG. 7. Still further, another var- 
iation of the present invention would coat the outwardly 
facing surfaces of the stent with a first beneficial Bgent 
38 while coating the inwardly facing surfaces of the stent 

10 with a different beneficial agent 39, as illustrated In FIG. 
8. The Inwardly facing surface of the stent would be de- 
fined by at least the surfaces of the stent which, after 
expansion, forms the inner lumen passage. The out- 
wardly facing surface of the stent would be defined by 

15 at least the surface of the stent which, after expansion, 
is In contact with and directly supports the inner wall of 
the lumen. 

[0041] FIG. 9 illustrates yet another preferred embod- 
iment of the present invention, wherein like reference 

20 numerals have been used to indicate like components. 
Unlike the stents 10, 100 described above, tissue sup- 
porting device 200 does not Include through-openings 
which extend through the entire width of the stent. Rath- 
er, the struts 18 and/or links 22 of stent 200 preferably 

25 Include at least one and preferably a plurality of recess- 
es 40, 42, formed respectively therein on one or both 
side surfaces of the stent 200. The recesses 40, 42, also 
defined as openings, indentations, grooves, and the 
like, are sufficiently sized so as to promote healing of 

30 the endothelial layer and to enable a beneficial agent 36 
to be loaded therein. Recesses 40, 442, like through- 
holes 24, 24', 26, 26', may be formed in struts 1 8 without 
compromising the strength and rigidity thereof for the 
same reasons as noted above. As shown above in 

35 FIGS. 7 and 8, a surface coating of one or more bene- 
ficial agents may also be provided on stent 200. 
[0042] The tissue supporting device 10, 100, 200 ac- 
cording to the present invention may be formed of any 
ductile material, such as steel, gold, silver, tantalum, tl- 

40 tanlum, Nitinol, other shape memory alloys, other met- 
als, or even some plastics. One preferred method for 
making the tissue supporting device 10, 100, 200 in- 
volves forming a cylindrical tube 12 and then laser cut- 
ting the slots 16, notches 29 and through-openings 24, 

45 24\ 26, 26' or recesses 40, 42 Into the lube. Alternative- 
ly, the tissue supporting device may be formed by elec- 
tromachining, chemical etching followed by rolling and 
welding, or any other melhod known to one skilled In the 
art, 

so [0043] The design and analysis of stress/strain con- 
centration for ductile hinges, end stress/strain concen- 
tration features In general, is complex. The stress con- 
centration factor can be calculated for simple ductile 
hinge geometries, but is generally useful only in the lln- 

55 ear elastic range. Stress concentration patterns for a 
number of other geometries can be determined through 
photoelastic measurements and other experimental 
methods. Stent designs based on the use of stress/ 
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strain concentration features, or ductile hinges, gener- 
ally involve more complex hinge geometries and oper- 
ate in the non-linear elastic and plastic deformation re- 
gimes. 

[0044] The general nature of the relationship among 
applied forces, material properties, and ductile hinge ge- 
ometry can be more easily understood through analysis 
of an Idealized hinge 60 as shown in FIGS. 10a-10c. 
The hinge 60 Is a simple beam of rectangular cross sec- 
tion having a width h, length L and thickness b. The ide- 
alized hinge 60 has elastic-ideally-plastic material prop- 
erties which are characterized by the ideal stress/strain 
curve of FIG. 10d. It can be shown that the "plastic" or 
"ultimate bending moment" for such a beam is given by 
the expression: 

Where b corresponds to the cylindrical tube wall thick- 
ness, h is the circumferential width of the ductile hinge, 
and 5y p is the yield stress of the hinge material. Assum- 
ing only that expansion pressure is proportional to the 
plastic moment, it can be seen that the required expan- 
sion pressure to expand the tissue supporting device In- 
creases linearly with wall thickness b and as the square 
of ductile hinge width h. It Is thus possible to compensate 
for relatively large changes in wall thickness b with rel- 
atively small changes in hinge width h. While the above 
idealized case Is only approximate, empirical measure- 
ments of expansion forces for different hinge widths in 
several different ductile hinge geometries have con- 
firmed the general form of this relationship. Accordingly, 
for different ductile hinge geometries it is possible to in- 
crease the thickness of the tissue supporting device to 
achieve radiopacity while compensating for the in- 
creased thickness with a much smaller decrease In 
hinge width. 

[0045] Ideally, the stent wall thickness b should be as 
thin as possible while sUH providing good visibility on a 
fluoroscope. For most stent materials, including stain- 
less steel, this would suggest a thickness of about 0.005 
- 0.007 inches (0.127 - 0.178 mm) or greater. The inclu- 
sion of ductile hinges In a slent design can lower expan- 
sion forces/pressures to very low levels for any material 
thickness of interest Thus ductile hinges allow the con- 
struction of optimal wall thickness tissue supporting de- 
vices at expansion force levels significantly lower than 
current non-visible designs. 

[0046] The expansion forces required to expand the 
tissue supporting device 10, 100, 200 according to the 
present invention from an Initial condition illustrated in 
FIG. I to an expanded condition Is between i and 5 at- 
mospheres, preferably between 2 and 3 atmospheres. 
The expansion may be performed in a known manner, 
such as by Inflation of a balloon or by a mandrel. The 
tissue supporting device 10. 100, 200 in the expanded 



condition has a diameter which is preferably up to three 
times the diamelerpf the device in the Initial unexpand- 
ed condition. 

[0047] Many tissue supporting devices fashioned 
5 from cylindrical tubes comprise networks of long, nar- 
row, prismatic beams of essentially rectangular cross 
section as shown In FIG. 11. These beams which make 
up the known tissue supporting devices may be straight 
or curved, depending on the particular design. Known 
io expandable tissue supporting devices have a typical 
wail thickness b of 0.0025 inches (0,0635 mm), and a 
typical strut width h of 0.005 to 0.006 inches (0.127 - 
0.1524 mm). The ratio of b:h for most known designs is 
1:2 or lower. As b decreases and as the beam length L 
is Increases, the beam is increasingly likely to respond to 
an applied bending moment M by buckling, and many 
designs of the prior art have displayed this behavior. 
This can be seen In the following expression for the "crit- 
ical buckling moment" for the beam of FIG. 6. 

20 

u _ 7 tb 3 /77£G(1-0.63 blh) 
M ^ 61 

25 Where: 

E = Modulus of Elasticity 
G = Shear Modulus 

30 [0048] By contrast, in a ductile hinge based design ac- 
cording to the present invention, only the hinge itself de- 
forms during expansion. The typical ductile hinge 20 is 
not a long narrow beam as are the struts In the known 
stents. Wall thickness of the present invention may be 

35 increased to 0.005 inches (0.1 27 mm) or greater, while 
hinge width is typically 0.002 - 0.003 Inches (0.0508 - 
0.0762 mm), preferably 0.0025 Inches (0.0635 mm) or 
less. Typical hinge length, at 0.002 to 0.005 Inches 
(0.0508 - 0.0127 mm), is more than an order of magni- 

40 lude less than typical strut length. Thus, the ratio ofb:h 
in a typical ductile hinge 20 is 2:1 or greater. This is an 
Inherently stable ratio, meaning that the plastic moment 
for such a ductile hinge beam Is much lower than the 
critical buckling moment M crtl , and the ductile hinge 

45 beam deforms through normal strain-curvature. Ductile 
hinges 20 are thus not vulnerable lo buckling when sub- 
jected to bending moments during expansion of the tis- 
sue supporting device 10, 100, 200. 
[0049] To provide optimal recoil and crush-strength 

so properties, it is desirable to design the ductile hinges so 
that relatively large strains, and thus large curvatures, 
are imparted to the hinge during expansion of the tissue 
supporting device. Curvature Is defined as the recipro- 
cal of the radius of curvature of the neutral axis of a 

55 beam in pure bending. A larger curvature during expan- 
sion results in the elastic curvature of the hinge being a 
small fraction of the total hinge curvature. Thus, the 
gross elastic recoil of the tissue supporting device Is a 
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small fraction of the total change in circumference. It is 
generally possible lo do this because common stent ma- 
terials, such as 31 6L Stainless Steel have very large 
elongalions-to-fallure (i.e., they are very ductile). 
[0050] It is not practical to derive exact expressions 
for residual curvatures for complex hinge geometries 
and real materials {i.e., materials with non-Idealized 
stress/strain curves). The general nature of residual cur- 
vatures and recoil of a ductile hinge may be understood 
by examining the moment-curvature relationship for the 
elastic-ideally-plastic rectangular hinge 60 shown in 
FIGS. 10a-c. It may be shown that the relationship be- 
tween the applied moment and the resulting beam cur- 
vature is: 

M= M p [1- 1 / 3 (^) 2 ] = 3/2M^[1-V 3 (^) 2 ] 

This function Is plotted in FIG. 12. It may be seen in this 
plot that the applied moment M asymptotically ap- 
proaches a limiting value M p , called the plastic or ulti- 
mate moment. Beyond 11 / 12 M p large plastic deforma- 
tions occur with little additional Increase in applied mo- 
ment When the applied moment is removed, the beam 
rebounds elastically along a line such as a-b. Thus, the 
elastic portion of the total curvature approaches a limit 
of 3/2 the curvature at the yield point. These relations 
may be expressed as follows: 

3 3 

[0051] Imparting additional curvature in the plastic 
zone cannot further increase the elastic curvature, but 
will decrease the ratio of elastic to plastic curvature. 
Thus, additional curvature or larger expansion of the tis- 
sue supporting device will reduce the percentage recoil 
of the overall stent structure. 

[0052] As shown in FIG. 13, when a rigid strut 18 is 
linked to the ductile hinge 60 described above, the strut 
18 forms an angle 6 with the horizontal that Is a function 
of hinge curvature. A change in hinge curvature results 
in a corresponding change in this arigle 8. The angular 
elastic rebound of the hinge is the change in angle A 0 
that results from the rebound in elastic curvature de- 
scribed above, and thus angular rebound also ap- 
proaches a limiting value as plastic deformation pro- 
ceeds. The following expression gives the limiting value 
of angular elastic rebound for the idealized hinge of FIG. 
13. 

Where strain at the yield point is an independent mate- 
rial property (yield stress divided by elastic modulus); L 
is the length of the ductile hinge; and h Is thB width of 



the hinge. For non-idealized ductile hinges made of real 
materials, the constant 3 in the above expression is re- 
placed by a slowly rising function of total strain, but the 
effect of geometry would remain the same. Specifically, 
5 the elastic rebound angle of a ductile hinge decreases 
as the hinge width h Increases, and Increases as the 
hinge length L Increases. To minimize recoil, therefore, 
hinge width h should be increased and length L should 
be decreased. 

to [0053] Ductile hinge width h will generally be deter- 
mined by expansion force criteria, so it is important to 
reduce hinge length to a practical minimum in order to 
minimize elastic rebound. Empirical data on recoil for 
ductile hinges of different lengths show significantly low- 

15 er recoil for shorter hinge lengths, in good agreement 
with the above analysis. 

[0054] The ductile hinges 20 of the tissue supporting 
device 10, 100, 200 provide a second important advan- 
tage in minimizing device recoil. The embodiment of 

20 FIG. 1 shows a network of struts joined together through 
ductile hinges to form a cylinder. As the device is ex- 
panded, curvature is imparted to the hinges 20, and the 
stmts 1 8 assume an angle 8 with respect to their original 
orientation, as shown in FIG. 13. The total clrcumferen- 

25 tial expansion of the tissue supporting device structure 
is a function of hinge curvature (strut angle) and stmt 
length. Moreover, the incremental contribution to stent 
expansion (or recoil) for an individual stmt depends on 
the instantaneous stmt angle. Specifically, for an incre- 

30 mental change in stmt angle A8, the incremental change 
in circumference AC will depend on the stmt length R 
and the cosine of the stmt angle 8. 

35 AC = R A8 cosB 

[0055] Since elastic rebound of hinge curvature is 
nearly constant at any gross curvature, the net contri- 
bution to circumferential recoil AC is lower at higher stmt 

40 angles 0. The final device circumference is usually spec- 
ified as some fixed value, so decreasing overall stmt 
length can increase the final stmt angle 9. Total stent 
recoil can thus be minimized with ductile hinges by using 
shorter stmts and* higher hinge curvatures when ex- 

45 panded. 

[0056] Empirical measurements have shown that tis- 
sue supporting device designs based on ductile hinges, 
such as the embodiment of FIG. 1 , display superior re- 
sistance to compressive forces once expanded despite 

so their very low expansion force. This asymmetry between 
compressive and expansion forces may be due to a 
combination of factors including the geometry of the 
ductile hinge, the Increased wall thickness, and in- 
creased work hardening due to higher strain levels. 

55 [0057] According to one example of the tissue sup- 
porting device of the invention, the device can be ex- 
panded by application of an internal pressure of about 
2 atmospheres or less, and once expanded to a diam- 
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eler between 2 and 3 times the initial diameter can with- 
stand a compressive force of about 16 to 20 gm/mm or 
greater. Examples of typical compression force values 
for prior art devices are 3.8 to 4.0 gm/mm. 
[0058] While both recoil and crush strength properties 
of tissue supporting devices can be Improved by use of 
ductile hinges with large curvatures in the expanded 
configuration, care must be taken not to exceed an ac- 
ceptable maximum strain level for the material being 
used. Generally, E rna% is defined as maximum strain, and 
it Is dependent on ductile hinge width h, ductile hinge 
length L, and bend angle 8 In radians. When strain, 
hinge width and bend angle are determined through oth- 
er criteria, an expression may be developed to deter- 
mine the required lengths for the complicated ductile 
hinge geometry of the present Invention. Typical values 
for the prismatic portions of the curved ductile hinges 20 
range from about 0.002 to about 0.0035 Inches (0.051 
- 0.089 mm) in hinge width and about 0.002 to about 
0.006 inches {0.051 - 0.152 mm) in hinge length. 
[0059] In many designs of the prior art, circumferential 
expansion was accompanied by a significant contrac- 
tion of the axial length of the stent which may be up to 
1 5% of the initial device length. Excessive axial contrac- 
tion can cause a number of problems in device deploy- 
ment and performance Including difficulty In proper 
placement and tissue damage. Designs based an duc- 
tile hinges 20 can minimize the axial contraction, or fore- 
shortening, of a tissue supporting device during expan- 
sion, as discussed in greater detail in the afore-men- 
tioned U.S. Application Serial No. 09/1 83,555. This abil- 
ity to control axial contraction based on hinge and strut 
design provides great design flexibility when using duc- 
tile hinges. For example, a stent could be designed with 
zero axial contraction. 

[0060] The stent 1 0, 1 00, 200 of the present Invention 
illustrates the trade off between crush strength and axial 
contraction. Referring to FIG. 3, a portion of the tissue 
supporting device 100 having an array of struts 1 B and 
ductile hinges 20 are shown in the unexpanded state. 
The struts 18 are positioned Initially at an angle 8 1 with 
respect to a longitudinal axis X of the device. As the de- 
vice Is expanded radially from the unexpanded stBte Il- 
lustrated in FIG. 3, the angle B 1 Increases. In this case 
the device contracts axlally from the onset of vertical ex- 
pansion throughout the expansion. A higher final strut 
angle 8 1( can significantly increase crush strength and 
decrease circumferential recoil of the stent structure. 
However, there Is a trade off between increased crush 
strength and increase in axial contraction. 
[0061] According to one example of the present in- 
vention, the struts 18 are positioned Initially at an angle 
of about 0° to 45° with respect to a longitudinal axis of 
the device. As the device is expanded radially from the 
unexpanded state Illustrated in FIG. 3, the strut angle 
increases to about 20° to 80°. 
[0062] In addition, while ductile hinges 20 are the pre- 
ferred configuration for the expandable medical device 



of the present invention, a stent without the defined duc- 
tile hinges would also be included within the scope of 
the present invention. 

[0063] While the invention has been described in de- 
s tail with reference to the preferred embodiments thereof, 
it will be apparent to one skilled in the art that various 
changes and modifications can be made and equiva- 
lents employed, without departing from the present in- 
vention. 

io The expandable medical device may comprise: at least 
one cylindrical tube; a network of elongated struts 
formed In said cylindrical tube, wherein each of the elon- 
gated struts are axially displaced from adjacent struts; 
and a plurality of ductile hinges formed between the 

15 elongated struts, the ductile hinges allowing the cylin- 
drical tube to be expanded or compressed from a first 
diameter lo a second diameter by deformation of the 
ductile hinges; wherein at least one of the elongated 
struts includes at least one opening for loading of a ben- 

20 eficlal agent therein. The expandable medical device 
may comprise a plurality of openings. The expandable 
medical device may comprise at least one opening ex- 
tending through a thickness of said at least one strut, so 
as to thereby define a through-opening. The expandable 

25 medical device may also comprise at least one opening 
having a depth less than a thickness of said at least one 
strut, so as to thereby define a recess. The expandable 
medical device may further comprise a beneficial agent 
loaded within said at least one opening; said beneficial 

30 agent may Include antiproliferatives or antithrombins. 
Said beneficial agent may also Include at least one of 
large molecules, microspheres, beneficial agents within 
a biodegradable polymer carrier, and cells, said at least 
one opening of said at least one strut forming a protect- 

35 ed receptor for loading said beneficial agent therein. The 
expandable medical device may further comprise a sur- 
face coating of a second beneficial agent on said ex- 
pandable medical device. Said first and second benefi- 
cial agents may be different, or identical. The surface 

<o coating of said second beneficial agent may cover a por- 
tion of said expandable medical device and may further 
comprise a surface coating of a third beneficial agent 
covering another portion of said expandable medical de- 
vice, wherein said second and third beneficial Bgents 

^5 are different The expandable medical device may in- 
clude two cylindrical tubes interconnected by a bridging 
element. A transition between the cross-sectional area 
of the struts and the cross-sectional area of the ductile 
hinges may be an abrupt transition which extends less 

50 than 10 percent of a length of a strut. The expandable 
medical devices may have a plurality of ductile hinges 
which may be curved prismatic beams having an arc 
surface and a concave surface. The expandable medi- 
cal device may further comprise a geometric deflection 

55 limiting feature for limiting an amount of bending of the 
ductile hinges. The deflection limiting feature may in- 
clude angled side walls on opposite sides of a ductile 
hinge which engage one another to limit deflection at 
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ductile hinge. The deflection limiting members may be 
V-shaped notches. The ductile hinges may be designed 
to deform plastically upon radial expansion or compres- 
sion of the expandable medical device while the elon- 
gated stalls experience no plastic deformation upon ra- 
dial expansion or compression. The expandable medi- 
cal may be formed of Nitlnol, or of stainless steel. The 
expandable medical device may also comprise a plural- 
ity of elongated stalls, said plurality of elongated struts 
joined together to form a substantially cylindrical device 
which Is expandable from a cylinder having a first diam- 
eter to a cylinder having a second diameter, said plural- 
ity of struts each having a strut width In a circumferential 
direction and a strut thickness in a radial direction; and 
wherein at least one of said plurality of struts Includes 
at least one recess extending at least partially through 
a thickness of said strut Said at least one recess may 
extend entirely through the thickness of said strut so as 
to define a through-opening. Said at least one recess 
may be generally rectangular, or polygonal. 



Claims 

1. An expandable medical device (100), comprising: 

a plurality of elongated struts (1B) forming a 
substantially cylindrical device (1 2) which is ex- 
pandable from a cy linder having a first diameter 
to a cylinder having a second dlamBten 

hinges (20) formed at said elongated struts (1 8) 
to substantially prevent deformation of said 
elongated struts (1B) during expansion of said 
cylindrical device (12), and 

links (22) arranged between said elongated 
struts (18); 

wherein a series of openings (24, 26; 24', 26') are 
formed in said struts (18) and said links (22). 

2. An expandable medical device (100), comprising: 

a plurality of elongated struts (18) forming a 
substantially cylindrical device (12) which is ex- 
pandable from a cylinder having a first diameter 
to a cylinder having a second diameter, and 

hinges (20) formed at said elongated struts (1 8) 
to substantially prevent deformation of said 
elongated struts (18) during expansion of said 
cylindrical device (12); 

wherefn a series of openings (24; 24') is formed only 
in said struts (18). 

3. An expandable medical device (1 00) comprising: 



a plurality of elongated struts (18) forming a 
substantially cylindrical device (1 2) which Is ex- 
pandable from a cylinder having a first diameter 
to a cylinder having a second diameter; 

5 

hinges (20) formed at said elongated struts (1 B) 
to substantially prevent deformation of said 
elongated struts (18) during expansion of said 
cylindrical device (12), and 

10 

links (22) arranged between said elongated 
struts (18), 

wherein a series of openings (26; 26*) is formed only 
15 in said links (22). 

4. The expandable medical device according to one 
of the preceding claims, wherein said series of 
openings extends entirely through the thickness of 

20 said strut so as to define through-openings. 

5. The expandable medical device according to one 
of the preceding claims, wherein at least one of said 
openings is generally rectangular. 

25 

6. The expandable medical device according to one 
of the preceding claims, wherein at least one of said 
openings is polygonal. 

30 7. The expandable medical device according to one 
of the preceding claims, further comprising a bene- 
ficial agent loaded within at least one of said open- 
ings. 

35 8. The expandable medical device according to Claim 
7, wherein the beneficial agent undergoes substan- 
tially no deformation when said expandable medical 
device is expanded from the first diameter to the 
second diameter. 

40 

9. The expandable medical device according to Claim 
7 or 8, wherein said beneficial agent comprises a 
plurality of beneficial agents. 

<5 10. The expandable medical device according to one 
of Claims 7 to 9, wherein said beneficial agent in- 
cludes at least one antiproliferative. 

11. The expandable medical device according to Claim 
so 7 or 8, wherein, said beneficial agent is paclitaxel. 

12. The expandable medical device according la Claim 
7 to 1 0, wherein said beneficial agent Is rapamycin. 

55 13. The expandable medical device according to one 
of Claims 7 to 10, wherein said beneficial agent in- 
cludes anlithromblns. 
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14. The expandable medical device according to one 
of Claims 7 to 10, or Claim 13, wherein said bene- 
ficial agent includes at least one of large molecules, 
microspheres, beneficial agents within a biodegrad- 
able polymer carrier, and cells, said at least one 
opening forming a protected receptor for loading 
said beneficial agent therein. 

15. Trie expandable medical device according to one 
of the preceding claims, wherein the hinges formed 
between the elongated struts comprise a plurality 
of ductile hinges providing means for concentration 
of stress/strain, the ductile hinges allowing the cy- 
lindrical tube Id be expanded or compressed from 
the first diameter to the second diameter by defor- 
mation of the ductile hinges. 

16. The expandable medical device according to Claim 
15, wherein a transition between the cross-section- 
al area of the struts and the cross-sectional area of 
the ductile hinges is an abrupt transition which ex- 
tends less than 10 percent of a length of a strut. 



21. The method according to Claim 19 or 20, wherein 
the plurality of recesses are formed by laser drilling. 

22. The method according to one of Claims 19 to 21, 
5 further comprising filling the plurality of recesses 

with a beneficial agent 

23. The method according to Claim 22, wherein said 
beneficial agent includes at least one antiprolifera- 

10 live. 

24. The method according to Claim 22, wherein said 
beneficial agent is paclitaxel. 

15 25. The method according to Claim 22, wherein said 
beneficial agent is rapamycin. 
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17. The expandable medical device according to Claim 

1 5 or 1 6, wherein the plurality of ductile hinges are 25 
curved prismatic beams having an arc surface and 
a concave surface. 

18. The expandable medical device according to one 

of Claims 15 to 17, wherein the ductile hinges are 3D 
designed to deform plastically upon radial expan- 
sion or compression of the expandable medical de- 
vice while the elongated struts experience no plas- 
tic deformation upon radial expansion or compres- 
sion. 35 



19. A method of forming an expandable medical device, 
comprising: 

cutting a plurality of slots in a substantially cy- <o 
lindrical tube to form a plurality of elongated 
struts forming a substantially cylindrical device 
which Is expandable from a cylinder having a 
first diameter to a cylinder having a second di- 
ameter, and 45 
creating means for concentration of stress/ 
strain between said elongated struts to sub- 
stantially prevent deformation of said elongated 
struts during expansion of the cylinder; 

50 

characterized In that 

a plurality of recesses are drilled In the elongated 
struts such that the plurality of recesses are non- 
deforming when said cylinder is expanded from the 
first diameter to the second diameter. 55 

20. The method according to Claim 19, wherein the plu- 
rality of slots are formed by laser cutting. 



12 



EP 1 582 180 A1 




13 



EP 1 582 180 A1 




EP 1 582 180 A1 




15 



EP 1 582 180 A1 




EP 1 582180 A1 




FIG. 12 
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